A design method based on the minimizing search algorithm was applied to create universal wideband visible antireflection coating designs for commonly used substrates with refractive indices ranging from 1.45 to 1.784. The minimizing search algorithm consists of a tuning operation of sublayer thickness and an eliminating operation of sublayers, which can refine the mean visible antireflection performance and simplify the design structure of the desired solution. It was shown that the twomaterial 30-layer minimizing search for universal wideband visible antireflection coating designs of a set of eight different substrates with refractive indices of 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784 were reduced to 12-layer structures and the average reflectivities for the eight different substrate systems over the visible spectral region were very coincident and were reduced to lie between 0.172-0.173%.
Introduction
Antireflection (AR) coatings are widely applied on optical devices for not only reducing the undesired reflection loss from the surfaces of the devices, but also for improving the contrast of the image of optical systems. Without the application of AR coatings on optical devices, the partial reflection light from the surfaces results in the formation of ghost images on the image plane, which reduces the contrast of the optical image.
In general, the construction parameters of the optimal AR coating design for substrates with different refractive indices are different, thus the substrates should be coated in separate deposition runs. If there is an acceptable universal AR coating design, then we can coat the different substrates simultaneously in the same deposition run. For saving time and reducing cost, this is of practical importance for a commercial thin-film coating shop if different substrates need to be AR-coated.
Dobrowolski and Sullivan 1) applied the needle optimization method of refinement to achieve normal-incidence AR coating designs over the 400-800 nm spectral region, which suited six different substrates with refractive indices varying from 1.48 to 1.75. The performance of the calculated average spectral reflectance of the final designs ranged from 0.189% to 0.340%. Vvdenskii and Stolov 2) researched a universal AR coating that reduces the average reflectance of substrates with indices in the range of 1.53 to 1.76 to less than 0.35% with the ratio of upper to lower wavelengths U = L ¼ 1:67. We also used the flip-flop synthesis method 3) and the flip-flop tuning search technique 4) to design universal visible AR coatings suited for eight different substrates with indices ranging from 1.45 to 1.784, and the calculated average reflectivities reduced to less than 0.340% and 0.245%, respectively. 5, 6) In this study, a minimizing search technique is proposed to achieve high-performance universal visible AR coating designs for commonly used glass substrates with refractive indices ranging between 1.45 to 1.784. To improve the average visible reflectivity and to simplify the design structure, the minimizing search consists of a tuning operation of sublayer thickness and an eliminating operation of sublayers of a two-material multilayer assembly for a set of eight different substrates with refractive indices of 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784. The final designs of the universal AR coating obtained by minimizing search technique were reduced to 12-layer structures and their average visible spectral reflectivities for the eight different substrates were reduced to 0.172-0.173%.
Problem Definition and Design Algorithm of Minimizing Search
The aim of this study is normal-incidence universal antireflection coating design over the 400-750 nm spectral region that suits commonly used glass substrates with the refractive index n s ranging between 1.45 and 1.784. A twomaterial N-sublayer AR coating is assumed for a set of eight different substrates with refractive indices 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784. A set of high-and lowrefractive-index materials with indices n H and n L are used for the design, and the incident medium is assumed to be air with the refractive index n 0 ¼ 1 and the optical admittance Y 0 ¼ 1=377 S, respectively. For simplification of the calculation, the refractive indices of substrates and the coating materials are assumed nondispersive. The design process of the universal AR coating consists of calculating and reducing the average visible spectral reflectivity for the eight different substrates, and simplifying the structure of the final solution.
The minimizing algorithm for searching the optimal construction parameters of layer thickness and the refractive index of the universal AR coating design is described as follows and the flowchart of the search algorithm is shown in Fig. 1 . A) Code the refractive indices of the starting design of the N-sublayer system with alternating high and low indices as n H -n L -n H -n L -. . ., and assign all the sublayers an equal physical thickness d ¼ D=N, where D is the total physical thickness of the thin-film assembly. B) Refine the total average visible spectral reflectivity for the eight different substrates by tuning all the layer thicknesses one by one, and one at a time to obtain a The layer thickness is replaced by a thickness that results in a lower minimum total average visible spectral reflectivity. Otherwise, restore the original layer thickness, and tune the next layer. If tuning a pass of all the sublayers and the total average visible AR performance is improved, tune the next pass. Once the total average visible AR performance stabilizes in a pass of all layers, then finish the tuning operation. During the minimizing search, a merit function MR defining the total average visible spectral reflectivity of eight different substrate systems can be analyzed by the matrix approach.
7)
The effective optical admittance for each substrate with
where
is the characteristic matrix of the jth sublayer and j ¼ 2n j d j = is its optical thickness with the refractive index n j and the physical thickness d j , repectively, and is the wavelength of the incident light and i ¼ ffiffiffiffiffiffi ffi À1 p is the imaginary unit.
The average reflectivity of the 351 wavelength positions over 400-750 nm with a step width of 1 nm for the substrate of refractive index n s,i is then
where the reflectivity is calculated by
and the total average visible spectral reflectivity MR for the eight different substrates is then given by
C) Minimize the design structure by eliminating the sublayers one by one and one at a time. The eliminating operations of sublayers proceed in the following manner.
(a) from the thin sublayer to the thick sublayer, (b) from the thick sublayer to the thin sublayer, (c) in the direction from the substrate to the incident medium, (d) in the direction from the incident medium to the substrate. When a sublayer is eliminated, retune the layer thickness to obtain a lower minimum merit function. If the merit function is not improved in the eliminating operation of a sublayer, then restore the original sublayer and continue to eliminate the next layer. When the merit function stabilizes during a pass of the eliminating operation, end the minimizing search and the final design of the desired universal visible AR coating is considered to be obtained.
Calculated Results and Discussions
The first example was made by a two-material 30-sublayer system starting with a total physical thickness of 300 nm and with a binary code of alternating of high and low indices as n H -n L -n H -n L -. . .. The coating materials were ZnS and MgF 2 with the refractive indices n H ¼ 2:35 and n L ¼ 1:38, respectively. We have considered many initial points of different total physical thickness and the number of sublayers. It was shown that a starting design of 30 sublayers and a total physical thickness of 300 nm was a good starting point. After 176 passes of tuning operation and approximately 3-4 passes of different manners of eliminating operations, the results were obtained and are shown in Figs. 2-5.
The two-material universal visible AR coating designs obtained by different types of minimizing search by eliminating layers from the thin layer to the thick layer, from the thick layer to the thin layer, in the direction from the substrate to the incident medium and from the incident medium to the substrate are shown in Figs. 2(a)-5(a) .They were all simplified to 12-layer structures, and the corresponding total average visible reflectivities for eight different substrates shown in Figs. 2(b) -5(b) were reduced to less than 0.172%, 0.172%, 0.172% and 0.173%, respectively. It was shown that the starting points were the same, but the different types of minimizing search led to different final solutions. Even the final designs were different; the universal visible Fig. 2(a) for eight different substrates, the total average visible spectral reflectivity was reduced to less than 0.172%. Fig. 3 . (a) Universal visible AR coating design obtained by the minimizing search with the eliminating operation from the thick layer to the thin layer, the design was a 12-layer structure with a total physical thickness of 558.9 nm. (b) Visible AR reflectance of the design in Fig. 3(a) for eight different substrates, the total average visible spectral reflectivity was reduced to less than 0.172%. Fig. 4(a) for eight different substrates, the total average visible spectral reflectivity was reduced to less than 0.172%. For comparison, the second attempt was made by a threematerial 30-layer assembly starting at a total physical thickness of 300 nm and with coding layer refractive indices as n H -n M -n L -n H -n M -n L -. . ., where the high, middle and low refractive indices were n H ¼ 2:35, n M ¼ 1:80 and n L ¼ 1:38, respectively. Results of the minimizing search were obtained after 151 passes of the tuning operation and approximately 4-7 passes of the eliminating operation.
The three-material minimizing search universal AR coating designs obtained by eliminating layers from the thin layer to the thick layer, from the thick layer to the thin layer, in the direction from the substrate to the incident medium and from the incident medium to the substrate are shown in Figs. 7(a)-10(a) . These designs were simplified into 12-, 14-, 14-and 12-layer structures, and the corresponding total average visible reflectivities for the eight different substrates shown in Figs. 7(b)-10(b) were reduced to less than 0.175%, 0.179%, 0.177% and 0.176%, respectively. Again, starting with the same initial points, but with different types of eliminating operation leading to different final designs, the values of their total average visible spectral reflectivies were also close to each other.
It was shown that as the highest and lowest refractive indices were the same for both the three-material system and the two-material system, the structures of the three-material minimizing search designs for the universal wideband AR Fig. 7(a) for eight different substrates, the total average visible spectral reflectivity was reduced to less than 0.175%. Fig. 8(a) for eight different substrates, the total average visible spectral reflectivity was reduced to less than 0.179%.
coating were not simpler and their universal visible AR performances were not superior to those of the two-material minimizing search designs of universal wideband AR coating.
If the layer of the final design is too thin, we may eliminate the thinnest layer and retune the layer thicknesses to obtain the desired design. When the procedure was carried out for the designs shown in Figs. 2-5 and 7-10, the average visible spectral reflectivities for the eight different substrates of the retuning designs were reduced to approximately 0.187-0.193%, in which case the universal visible AR performances were also acceptable.
It is shown that the average universal visible AR performance for a small tuning thickness is in general excellent; however, its convergent speed is slow in the case of a large tuning thickness. To achieve an acceptable universal visible AR performance that is comparable to the result obtained in ref. 2 , in which the average visible spectral reflectivity is reduced to 0.35%, the highest tuning thickness for minimizing search method should not exceed 5.5 nm. For obtaining a better visible AR performance and considering the speed of the convergence, the smallest tuning thickness is chosen to be 0.1 nm for the minimizing search technique.
The basic operation for the minimizing search method is the iteration tuning of all layer thicknesses one by one, which is similar to the flip-flop tuning technique in the previous study 4) that is suitable for optical materials with optical constants that are dispersive. Thus, the minimizing search method would be applicable in the same way for coating materials that are dispersive and/or slightly absorbent.
Compared with the universal AR coating designs obtained by the flip-flop synthesis method and the flip-flop tuning technique, 5, 6) the average visible reflectivies were decreased to less than 0.34% and 0.245%, respectively. The universal visible AR performances we obtained here by the minimizing search method were much better than those obtained by the flip-flop synthesis method and the flip-flop tuning technique. The algorithm for the minimizing search is simple, and though it requires two operations to achieve the final solution, it is worth using to obtain better results.
Conclusion
We have shown that it is possible to achieve an acceptable universal visible AR coating design for substrates with refractive indices varying from 1.45 to 1.784. It was shown that the two-material 30-layer minimizing search designs of the AR coating for a set of eight different substrates with refractive indices of 1.45, 1.50, 1.55, 1.60, 1.65, 1.70, 1.75 and 1.784 over the 400-750 nm spectral region were simplified to 12-layer structures with the average visible reflectivities reduced to approximately 0.172-0.173%. The visible AR performance for each substrate is less than optimum, but it is acceptable. Fig. 10(a) for eight different substrates, the total average visible spectral reflectivity was reduced to less than 0.176%. Fig. 9(a) for eight different substrates, the total average visible spectral reflectivity was reduced to less than 0.177%.
